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ABSTRACT

The mesoscale structure of the low-level flow and the character of the turbulence are investigated for a warm
front as it approached the prominent terrain of the Pacific Northwest in the vicinity of Vancouver Island. Flight-
level and airborne Doppler radar measurements collected from a National Oceanic and Atmospheric Adminis-
tration P-3 research aircraft on 9 December 1995 during the Coastal Observation and Simulation with Topography
experiment and high-resolution numerical simulations, performed with the Naval Research Laboratory’s non-
hydrostatic Coupled Ocean–Atmosphere Mesoscale Prediction System (COAMPS) model, have been used to
document the warm front as it approached the coast and the structure of cool air trapped along Vancouver Island.
This air mass was capped by a flat, thin transition zone of enhanced static stability and vertical wind shear. The
flow within the trapped air mass was oriented parallel to the terrain of Vancouver Island, but appears to have
been more an outflow from the Strait of Juan de Fuca than a barrier jet. Model sensitivity experiments suggest
that the cold air that exited from the strait and the steep topography of Vancouver Island acted in concert to
impede the northward movement of the front and steepen it near the surface. A wind speed maximum near the
exit of the Strait of Juan de Fuca was consistent with transcritical expansion fan behavior. Both the observations
from the gust probe system on the P-3, and output from COAMPS, indicate that the turbulent kinetic energy at
low levels was relatively weak in the warm sector, moderate in the frontal zone, and strongest in the trapped
flow near Vancouver Island.

1. Introduction

Coastal terrain can cause significant and not fully
understood modifications to landfalling fronts and other
storm phenomena. An opportunity to examine the de-
tailed structure and evolution of these phenomena in the
coastal zone was provided by the Coastal Observation
and Simulation with Topography (COAST) experiment
(Bond et al. 1997), which incorporated National Oceanic
and Atmospheric Administration (NOAA) WP-3D re-
search aircraft observations and high-resolution numer-
ical weather simulations in a number of detailed case
studies. A variety of synoptic situations have been in-
vestigated in the vicinity of the prominent terrain along
the Pacific Northwest coast, namely, quasi-steady south-
westerly flow impinging on Vancouver Island (Overland
and Bond 1995) and the Olympic Mountains (Colle and
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Mass 1996), and cold fronts in the vicinity of the Olym-
pic Mountains (Colle et al. 1999), and in the nearshore
(Braun et al. 1997) and coastal region (Yu and Smull
2000) of southern Oregon.

The structure and dynamics of atmospheric fronts
during landfall are often complicated due to the diverse
nature of the forcing in the coastal zone, which may
include steep topography, strong surface flux gradients
in the horizontal, and complex air–sea–land interaction
(e.g., Rotunno et al. 1992; Rogers 1995). For example,
Bjerknes and Solberg (1921) established an early con-
ceptualization that illustrates the potential importance
of steep coastal topography for the deformation and
blocking of fronts near central Norway. In this study
research aircraft observations taken during COAST are
used to document a warm front during landfall near
steep coastal orography. The research aircraft data are
insufficient, however, to provide a complete depiction
of the temporal and spatial evolution of the warm front
during landfall. Numerical simulations are used to aug-
ment the observational analysis and to further explore
the structure and dynamics of the landfalling warm
front. One motivating factor for this study is that land-
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falling frontal systems impinging on complex three-di-
mensional orography in the presence of time-dependent
flow are still not well understood. Furthermore, one of
the goals of the recent COAST experiment has been to
utilize both intensive observations and high-resolution
numerical model simulations to study the impact of the
steep coastal terrain of the Pacific Northwest on fronts
and cyclones.

Important aspects of airflow response to a topographic
obstacle can be characterized in terms of a Froude num-
ber, Fr 5 U/Nhm, where U is the incident wind speed,
N is the Brunt–Väisälä frequency, and hm is the barrier
or relevant scale height. Low-level flow tends to be
blocked by a topographic barrier when Fr , 1 (e.g.,
Smith 1979), which leads to flow splitting and down-
stream vortex shedding (Smolarkiewicz and Rotunno
1989; Schär and Durran 1997) and upstream decelera-
tion (Pierrehumbert and Wyman 1985). In the presence
of rotation, the e-folding of the mountain-normal com-
ponent deceleration region is on order of the Rossby
deformation radius (LR 5 Nhm/ f ). A balanced mesoscale
response to the blocked flow results in the formation of
an upstream barrier jet of width O(LR) (e.g., Pierrehum-
bert and Wyman 1985; Overland and Bond 1993). Over-
land and Bond (1995) document the flow along Van-
couver Island for a case in which cold air that exited
from the Strait of Juan de Fuca was blocked south of
the topography and resulted in a strong barrier jet for-
mation. For Fr . 1, airflow can readily ascend and
descend the obstacle, and generation of gravity waves
ensues in the linear regime (e.g., Smith 1989). Scale
analyses based on parameters such as Fr have been fairly
successful for rather idealized conditions (e.g., Overland
and Bond 1995). However, simple scale analysis is like-
ly to be inapplicable for many aspects of landfalling
storms. In general, these situations include factors ne-
glected in conventional scale analysis, notably time-de-
pendent and diabatic effects. In the present case, the
response of the incident flow to coastal terrain, partic-
ularly Vancouver Island, was also complicated by a pre-
existing mass of cool air along the coast. This air mass
was constrained by the coastal terrain but had originated
in the interior of the Pacific Northwest, and hence its
characteristics were not solely controlled by orographic
effects. The interactions between the above-mentioned
factors make it very difficult to diagnose conceptually
the mechanisms responsible for the evolution of storm
features in the coastal zone.

Observational and numerical studies have shown that
fronts tend to weaken on the windward sides of moun-
tains and strengthen on the lee slopes (Blumen and
Gross 1987; Williams et al. 1992; Gross 1994). These
studies attribute the frontolysis upstream along the
windward slope and frontogenesis along the lee slope
to the divergence pattern resulting from the upstream
blocking of the ageostrophic cross-mountain circulation.
The greatest response of a front to a mesoscale obstacle
occurs when Fr is small, the front is shallow as in the

case of typical warm fronts, the cross-frontal gradient
is large, the front-normal velocity is small, and a large
mean state stratification exits (Schumann 1987). Braun
et al. (1999) found that the balanced barrier-oriented jet
may be superimposed on the frontal jet to produce large
wind speeds in the coastal zone.

There have been numerous investigations of the in-
fluence of mesoscale topography on cold (e.g., Davies
1984; Volkert et al. 1991; Overland and Bond 1993)
and occluded fronts (e.g., Grønås 1995; Steenburgh and
Mass 1996) using numerical and observational ap-
proaches. However, the influence of topography on
warm frontal dynamics has received considerably less
attention. Heymsfield (1979) used Doppler radar ob-
servations to document the circulations associated with
precipitation bands accompanying a warm front over
the central United States. Some studies (e.g., Wakimoto
et al. 1992; Neiman et al. 1993) have examined the warm
front as one of the dynamically important structures
associated with deep or especially rapidly developing
oceanic cyclones. A warm front off the Washington
coast (in the region of the present study) has been an-
alyzed previously by Locatelli and Hobbs (1987) and
Hertzman et al. (1988). The former paper documented
the mesoscale structure; the latter showed how the ver-
tical wind shear organized the distribution of precipi-
tation. While Parsons and Hobbs (1983) surveyed rain-
fall and radar reflectivity patterns as two warm fronts
interacted with the coastal terrain of Washington State,
there has not been a detailed study of the modification
of a landfalling warm front as it approached coastal
terrain in the manner of Braun et al. (1997) for a cold
front. The latter study documented changes in the pre-
frontal low-level flow that appeared to be due to the
upstream influence of the coastal terrain, with conse-
quences for the structure of a narrow cold-frontal rain-
band. Doyle and Shapiro (2000) recently documented
the topographic deformation of a landfalling warm front
over Norway that played a key role in the development
of a severe windstorm in the lee of complex orography.

The objective of the present study is to document the
case of 9–10 December 1995 from COAST featuring a
warm front as it made landfall in the Pacific Northwest.
Our focus is on the nearshore low-level flow on the
southwest side of Vancouver Island and the changes in
the approaching front. This case merits in-depth study
because it represents a common, yet challenging, fore-
cast situation (in anticipating changes in frontal structure
and propagation), and because of the availability of a
unique set of mean, turbulence, and Doppler radar data
collected by the P-3 aircraft complemented by high-
resolution numerical simulations. The specific objec-
tives of this study are to (i) document the structure and
dynamics of the warm front as it made landfall in a
region of steep coastal orography; (ii) examine oro-
graphic blocking of the warm front in presence of com-
plex coastal mesoscale forcing, which includes a nearly
continuous low-level cold-air source from the Strait of
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FIG. 1. Geographic region for NOAA P-3 research aircraft mea-
surements including Vancouver Island and vicinity. Selected flight
legs are shown with solid lines and locations of vertical cross sections
with dashed lines. The corresponding times for the legs are shown
for 9 Dec 1995. The terrain height (m) is indicated by the shading.

FIG. 2. The 850-mb analysis for 0000 UTC 10 Dec 1995 from
NCEP (from Colle and Mass 2000).

FIG. 3. Infrared satellite image from GOES-W valid at 0001 UTC
10 Dec 1995.

Juan de Fuca; (iii) characterize the nature of the tur-
bulence in the coastal environment associated with the
landfalling warm front; and (iv) evaluate the capability
of a nonhydrostatic numerical model to simulate me-
soscale aspects of a landfalling warm front. The syn-
optic-scale setting is discussed in section 2. The nu-
merical model is described in section 3. Section 4 con-
tains the analysis of the research aircraft observations.
The simulation results are presented in section 5. Section
6 contains the conclusions of the study.

2. Synoptic setting

The purpose of this section is to provide a context
for the mesoscale analysis that follows, rather than to
provide a detailed description of the evolution of the
synoptic-scale flow. A map of the area of interest is
shown in Fig. 1. The most important topographical fea-
tures are the two-dimensional barrier (typical crest
height ;1200 m) represented by Vancouver Island, the
bell-shaped Olympic Mountains, and in between, the
sea level gap of the Strait of Juan de Fuca. Figure 1
also includes the locations of flight legs and cross sec-
tions referred to later in the paper. We focus on con-
ditions at 0000 UTC 10 December, since the most rel-
evant aircraft observations to our analysis were col-
lected between approximately 2000 UTC on 9 Decem-
ber and 0100 UTC on 10 December. Synoptic analysis
should be considered complementary to the synoptic
background previously provided by Colle and Mass
(2000). They also analyzed P-3 observations and high-
resolution simulation for 9–10 December 1995, but with
the intent of documenting and understanding gap flow

out of the Strait of Juan de Fuca, rather than the present
study’s focus on the warm front and nearshore flow
along Vancouver Island.

The synoptic-scale conditions for 0000 UTC 10 De-
cember are summarized using the 850-mb analysis from
the National Centers for Environmental Prediction
(NCEP) (Fig. 2) and an infrared image from the Geo-
stationary Operational Environmental Satellite
(GOES-W) satellite (Fig. 3). Figure 2 shows a low-level
baroclinic zone with a total temperature difference of
;258C and a wind shift of ;508 moving onshore into
Washington State and British Columbia. Warm air as-
sociated with southwesterly flow followed a period of
approximately 6 days with a modified arctic air mass at
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FIG. 4. Surface analyses for (a) 1800 UTC 9 Dec, (b) 0000 UTC
10 Dec, and (c) 0600 UTC 10 Dec 1995. The isobar interval is 4
hPa. Ship and buoy reports are plotted using the standard convention.
The temperature and dew point temperature are shown in Fahrenheit,
and the pressure is plotted in hPa using conventional notation. One
full barb corresponds to 5 m s21. Visibility is plotted in statute miles.
The dashed line indicates a trough in the sea level pressure. Numerous
land stations are omitted for clarity.

low levels over the Pacific Northwest. The satellite im-
age (Fig. 3) shows largely overcast conditions in the
warm sector south and southwest of Vancouver Island.
A northwest–southeast-oriented band of higher cloud
tops (and presumably enhanced precipitation) was lo-
cated in the nearshore region on the southwest side of
Vancouver Island.

A series of surface analyses are now presented to
illustrate the progression of the warm front toward Van-
couver Island. The warm front here depicts the southern
edge of the low-level wind shift zone and baroclinic
zone. The analysis for 1800 UTC 9 December (Fig. 4a)
shows the warm front extended in a roughly east-south-
east to west-northwest orientation from the northern
coast of Oregon toward the low center located off the
left (west) edge of the map. At this time, it is estimated
to have been about 300 km offshore of Vancouver Is-
land. By 0000 UTC 10 December (Fig. 4b), the front
had made only slight progress in the immediate vicinity
of the west coast, but its offshore portion had moved
well north to a position about 90 km offshore of the
central portion of Vancouver Island. The front’s prop-
agation in this region slowed markedly in the next 6 h.
As shown by the map for 0600 UTC 10 December (Fig.
4c), the front now extended from just south of the north-
west tip of Washington State to near the northwest tip
of Vancouver Island, remaining typically ;30 km off-
shore of the bulk of Vancouver Island. Based on these
estimated positions, the movement of the front toward
the central portion of Vancouver Island slowed from an
average of ;10 m s21 in the 6 h preceding 0000 UTC,
to an average of ;3 m s21 in the 6 h after 0000 UTC.
During this period, the warm front was oriented more
or less parallel to Vancouver Island.

The situation presented here represents a common
scenario during the cool season in the Pacific Northwest.
Southerly geostrophic flow and warm advection on the
synoptic scale tends to result in noticeably strong and
persistent alongshore winds, and relatively cool tem-
peratures, along the coast of Vancouver Island, as com-
pared with the ambient offshore conditions.

3. Numerical model description

The atmospheric portion of the navy’s Coupled
Ocean–Atmospheric Mesoscale Prediction System
(COAMPS) (Hodur 1997) is applied in this study. The
model makes use of finite-difference approximations to
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FIG. 5. Numerical model computational domain for grid meshes 1
(Dx 5 45 km), 2 (Dx 5 15 km), 3 (Dx 5 5 km), and 4 (Dx 5 1.67
km).

represent the fully compressible, nonhydrostatic equa-
tions that govern atmospheric motions. In this appli-
cation, the equations are solved in three dimensions on
four nested grid meshes with a terrain-following vertical
coordinate, s (Gal-Chen and Somerville 1975). The fi-
nite difference schemes are of second-order accuracy in
time and space. Efficient integration of the compressible
equations is accomplished through the use of a time-
splitting technique that features a semi-implicit treat-
ment in the vertical for the acoustic modes (Klemp and
Wilhelmson 1978; Durran and Klemp 1983).

The parameterization of short- and longwave radia-
tion processes is accomplished following Harshvardhan
et al. (1987). The planetary boundary layer and free-
atmospheric turbulent mixing and diffusion are modeled
using a prognostic equation for the turbulent kinetic
energy (TKE), e, budget based on the level-2.5 for-
mulation of Mellor and Yamada (1982) as follows:

]e ]e ]e ]e
5 2u 2 y 2 ṡ 1 BP 1 SP 1 D

]t ]x ]y ]s

41 K ¹ e 2 «, (1)H

where u and y are the horizontal wind velocity com-
ponents, BP is the buoyancy production, SP is the shear
production, D is the subgrid-scale vertical mixing, KH

is the horizontal diffusion coefficient, and « is the dis-
sipation rate. The buoyancy production is defined as

GgK ]uh yBP 5 2 , (2)
u ]s

where G is the coordinate transformation metric defined
as ]s/]z, g is the acceleration of gravity, Kh is the ver-
tical eddy mixing coefficient for heat, and u is the po-
tential temperature. The shear production is defined as

2 2
]u ]y

SP 5 K G 1 G , (3)m 1 2 1 2[ ]]s ]s

where Km is the vertical eddy mixing coefficient for
momentum. The dissipation rate is parameterized in
(1) as

a
3/2« 5 e , (4)

,

where a is a constant of 0.17, and , is the mixing length
following Mellor and Yamada (1982). Accurate repre-
sentation of the TKE is necessary because the eddy
diffusivity coefficients for heat and momentum, Kh and
Km, are directly proportional to e1/2. Countergradient
correction terms to the vertical fluxes are included for
the potential temperature and water vapor equations fol-
lowing Therry and LaCarrére (1983). The surface fluxes
are computed following the Louis (1979) formulation,
which makes use of Monin–Obukhov similarity theory.
A force-restore method is used to parameterize the sur-
face energy budget. The subgrid-scale moist convective
processes are parameterized using an approach follow-

ing Kain and Fritsch (1990). The grid-scale evolution
of the moist processes are explicitly predicted from bud-
get equations for cloud water, cloud ice, raindrops, snow
flakes, and water vapor (Rutledge and Hobbs 1983).

The domain configuration used to simulate the land-
falling front event includes four horizontally nested
grids of 73 3 73, 73 3 73, 97 3 97, and 97 3 97
points, respectively. The locations of the grid meshes
are shown in Fig. 5. The horizontal grid increment of
the computational meshes are 45, 15, 5, and 1.7 km,
respectively. The model top is at 31 km with 40 irreg-
ularly spaced vertical levels and 19 levels in the lowest
1.5 km to adequately resolve the boundary layer pro-
cesses. Reflection of waves at the upper boundary is
mitigated by a gravity wave absorbing layer using a
Rayleigh damping technique in the upper portion of the
model domain.

An incremental update data assimilation procedure,
which retains mesoscale circulations in the analysis in-
crement fields, is used to initialize a 30-h COAMPS
simulation beginning at 0000 UTC 9 December 1995.
The initial state for the nonhydrostatic model is created
from multivariate optimum interpolation analyses of up-
per-air sounding, surface, aircraft, and satellite data that
are quality controlled and blended with the 12-h
COAMPS forecast fields based on the incremental up-
date analysis methodology. Lateral boundary conditions
are constructed using Navy Operational Global Analysis
and Prediction System (Hogan and Rosmond 1991)
forecast fields following Davies (1976). The use of
COAMPS in this type of application closely emulates
a real-time numerical prediction system in spite of the
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FIG. 6. Model topography for the (a) third (Dx 5 5 km) and (b)
fourth grid meshes (Dx 5 1.67 km). The contour interval is 200 m.
The simulated surface warm front isochrones are displayed in (a).
The times (UTC) for the frontal positions on 9–10 Dec 1995 are
noted in (a).

FIG. 7. Vertical cross section of potential temperature (isotherm
interval 2 K) and wind barbs (each full barb represents 5 m s21) based
on selected flight-level data collected between ;2000 and 2100 UTC
9 Dec and projected onto an axis along 408–2208 normal to and
moving with the front (AA9 in Fig. 1). Isentropes are dashed in data-
sparse areas. The dots show the location of the thermodynamic data
from a dropsonde.

simulations being performed in a hindcast mode. The
topographic data are based on the U.S. Defense Mapping
Agency’s 100-m resolution dataset. The model terrain
fields for the third (Dx 5 5 km) and fourth meshes (Dx
5 1.7 km), shown in Figs. 6a and 6b, respectively,
indicate that notable topographic features such as the
Olympic Range and the complex topography of Van-
couver Island are well represented.

4. Research aircraft observations

a. Mesoscale structure

The objective of this section is to document two as-
pects of this event, the warm front as it neared land and
the nearshore flow along Vancouver Island. This anal-
ysis relies on flight-level and Doppler radar data col-
lected by the P-3. Although the primary goal of the
flight was to collect radar data, and hence the flight-
level data coverage was spotty, the latter measurements
are important because they provide thermodynamic in-
formation. The Doppler radar data from selected legs
was edited and synthesized following the techniques
outlined by Yu and Smull (2000). The result was three-
dimensional fields of horizontal and vertical winds, and
radar reflectivity, on a grid with a spacing of 0.25 km
in the vertical and 1.5 km in the horizontal. Because of
the smoothing inherent to the synthesis, the resolvable
scales of motion are approximately 0.75 and 4 km in
the vertical and horizontal, respectively.

We begin by presenting the structure of the warm
front at 2000–2100 UTC, while it was still ;200 km
offshore of Vancouver Island. The flight-level data (Fig.
7) shows a zone of enhanced baroclinity at the leading
edge of the front (defined as the upper boundary of the
wind shear zone) near the surface. Below about a ki-
lometer, this baroclinic zone included a change in po-
tential temperature (u) of ;4 K and a windshift of ;408
over a horizontal scale of 20–30 km. The gradual nature
of this transition near the surface (which was well re-
solved by flight-level measurements during penetration
of the front at ;300 m) contrasts with the 1–5-km scale
common to cold fronts (Browning and Harrold 1970,
among many others). The slope of the warm front below
2 km was roughly 1:100, to the extent it can be deter-
mined given the limited amount of data.

Another depiction of the warm front at this time is
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FIG. 8. Radar reflectivity (dBZ; grayscale indicated to the right of
the figure) and ground-relative winds at the 750-m level from the
2050–2105 UTC leg (BB9 in Fig. 1).

FIG. 9. Vertical cross section of radar reflectivity (shading; dBZ ),
ground-relative flow in the plane of the section (arrows), and ground-
relative flow normal to the section (solid lines, m s21) oriented along
408–2208 from the 2050–2105 UTC leg (BB9 in Fig. 1).

FIG. 10. As in Fig. 7, but for flight-level observations collected
between 2130 and 2330 UTC and projected onto a time–space ad-
justed axis along 458–2258 approximately normal to Vancouver Island
(CC9 in Fig. 1). Land is represented by the stippled region.

provided by the Doppler radar observations from a
northwest–southeast-oriented leg between 2050 and
2105 UTC. A horizontal section at the 750-m level (Fig.
8) shows the gradual wind shift associated with the front
was accompanied by a 30-km-wide band of enhanced
precipitation, with radar reflectivities of 25–30 dBZ. A
vertical cross section normal to the front (Fig. 9) shows
that the echo top was ;4 km and the suggestion of a
‘‘bright band’’ at 3 km, which was near the freezing
level. The flow in the plane of the section indicates a
modest updraft of ;1 m s21; however, this is near the
quantitative limits of the analysis capabilities. The pri-
mary vertical wind shear in this section is in the com-
ponent normal to the section (and along the front). The
shear involves the transition between the low-level
southeasterlies of ;8 m s21 at the lowest resolved level
of 500 m within and ahead of the frontal zone, and the
advancing and overlying southwesterlies. The location
of the warm front shown in Fig. 9 was determined by
the vertical shear of the alongfrontal wind component.

We now turn our attention toward the structure of the
low-level flow along Vancouver Island prior to the land-
fall of the front. The flight-level data collected during
maneuvers between about 2130 and 2330 UTC while
maneuvering for radar and upper-level legs in the near-
shore region have been collapsed onto a vertical cross
section oriented normal to Vancouver Island (Fig. 10).
These observations show cool, alongshore flow below
about 700 m with potentially warmer onshore-directed
flow above. Substantial vertical wind shear and static
stability separated these flows in a distinct transition
zone only about 100 m thick. However, very little bar-
oclinity was present as the transition zone was virtually

flat from near the shore to at least 60 km offshore. The
level nature of the transition zone contrasts with the
sloping baroclinic zone associated with the classical bar-
rier jet and cold-air damming (e.g., Bell and Bosart
1988).

The Doppler radar observations collected about 30
km offshore of Vancouver Island between 2233 and
2244 UTC are consistent with this cross section based
on flight-level data. Horizontal sections at 500 and 1000
m (Figs. 11a and 11b, respectively) show that the wind
direction varied relatively little in the horizontal, with
the exception of the northeastern portion of the domain
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FIG. 11. As in Fig. 8, but for the 2223–2234 UTC leg (DD9 in Fig.
1) at (a) 500 and (b) 1000 m.

FIG. 12. As in Fig. 9, but for the 2223–2234 UTC leg (DD9 in
Fig. 1).

at 1000 m, where the flow was oriented along the axis
of nearby Vancouver Island. These and other horizontal
sections suggest that the flow was organized into quasi-
horizontal flat sheets with the greatest vertical shear near
the 750-m level. Figures 11a and 11b also show a 40-
km-wide band of higher radar reflectivity centered near
the flight track that was 30 km offshore. This band has
no obvious connection to any low-level feature and may
reflect the influence of the elevated portion of the warm
front moving over the cool, nearshore air mass. A rep-
resentative vertical cross section (Fig. 12) oriented nor-
mal to Vancouver Island suggests that slightly enhanced
upward motion was occurring above 1 km near the flight

track. However, this result is somewhat tentative be-
cause the signal is weak and approaching the inherent
limits of the analysis. The lighter precipitation in the
immediate vicinity of Vancouver Island may also be a
result of locally lower humidities near the surface due
to a downslope component to the flow, as indicated by
the surface winds shown in Figs. 4a–c.

We conclude this section with presentation of results
from Doppler radar measurements collected on a north-
east–southwest-oriented leg between 2347 and 2358
UTC. This leg was the latest portion of the flight that
included a survey of the front, which at this time was
located near the southwest end of the leg roughly 90
km offshore of Vancouver Island. A horizontal section
at 750 m (Fig. 13) shows a similar transition in the winds
as found 3 h previously (Fig. 8), when the front was
farther offshore. The later observations do indicate that
the wind shift was somewhat more concentrated, into a
zone roughly 10 km wide. The front at this later time
marked the seaward extent of continuous moderate pre-
cipitation, instead of the localized precipitation maxi-
mum found earlier. A vertical cross section from the
later leg (Fig. 14) suggests that the slope of the lowest
kilometer or so of the front had steepened considerably.
There was also substantially more vertical wind shear
in the alongfront component as compared with the pre-
vious leg (Fig. 9), due to the superposition of the shear
associated with the front and trapped flow. The bright
band, apparent in the reflectivity fields in Figs. 12 and
14, was located in the 2.4–2.8-km layer and was as-
sociated with the freezing level encountered by the re-
search aircraft between 2.6 and 2.8 km.

b. Turbulence characteristics

The gust probe-radome system aboard the P-3 pro-
vided flight-level measurements at a rate of 40 Hz during
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FIG. 13. As in Fig. 8, but for the 2347–2358 UTC leg (EE9 in
Fig. 1).

FIG. 15. Time series of 1-Hz values of vertical velocity at flight
level from (a) 2052–2102 UTC (AA9 in Fig. 1) in the warm sector,
(b) 2118–2128 UTC (FF9 in Fig. 1) in the frontal zone, and (c) 2223–
2233 UTC (EE9 in Fig. 1) in the trapped flow.

TABLE 1. Mean turbulence statistics. Wind speeds are m s21; u9w9,
y9w9, and TKE are in m2 s22. The quantities u9w9 and y9w9 represent
the magnitude of the cross-wind and along-wind momentum fluxes,
respectively.

Leg/altitude
Mean speed/

dir. u9w9 y9w9 TKE

Warm sector (335 m)
Frontal zone (350 m)
Near shore (155 m)
Near shore (177 m)

12.8/1728
21.7/1198
19.0/1208
20.9/1228

0.04
0.12

20.48
20.44

0.11
0.15

20.01
0.01

1.0
1.7
2.2
2.2FIG. 14. As in Fig. 9, but for the 2347–2358 UTC leg (EE9 in

Fig. 1).

the flight. The high-frequency measurements from se-
lected legs were processed following the techniques out-
lined by Khelif et al. (1999). The results offered a rare
opportunity to document the turbulence that occurred
in various sectors of the front and the nearshore flow.
Our focus here is on the turbulent-scale fluctuations in
the wind, namely, the momentum fluxes and TKE. Our
objectives are to examine the relationships between the
mean and turbulent aspects of the low-level flow, and
to assess the ability of COAMPS in simulating the tur-
bulent character of the flow.

Differences in the magnitude and nature of the tur-
bulence in the warm sector, frontal zone, and nearshore
flow are illustrated via time series of vertical velocity
(w) during level legs of about 10-min duration. These
time series show that fluctuations in w were typically
;0.2 m s21 in the warm sector (Fig. 15a) with a single
prominent updraft of ;2 m s21, in the frontal zone ;0.5
m s21 (Fig. 15b) with about a half-dozen notable down-
drafts, and ;0.7 m s21 in the nearshore region with no
obvious skewness to the prominent extrema (Fig. 15c).
Mean statistics for these legs, and a repeat leg in the
nearshore region, are summarized in Table 1. As sug-
gested by the w time series of Fig. 15, the overall in-
tensity of the turbulence, as gauged by the magnitude
of the TKE, was least in the warm sector and greatest
in the nearshore region. The relatively weak intensity
of the turbulence in the warm sector is no surprise; this
sector had the warmest air, weakest wind speeds, and
least vertical wind shear and therefore the least amount
of surface buoyancy and shear production of turbulence
of any of the three regions. The frontal zone and near-



MAY 2001 987D O Y L E A N D B O N D

FIG. 16. Cospectrum of the cross-wind (y9) and vertical (w9) wind
components in the frontal zone (FF9 in Fig. 1) as a function of wave-
length (on a log scale) shown in (a). The quadrature between y9 and
w9 is shown in (b).

shore regions had similar wind speeds and u, and it is
not obvious why the nearshore region had significantly
greater TKE. It is possible that much of the production
of TKE was due to surface layer buoyancy and shear
production, and the weaker TKE observed in the frontal
zone than the nearshore region was merely a conse-
quence of the former being at a higher altitude and thus
farther removed from this source. Another possible ex-
planation is that the turbulence in the frontal zone was
suppressed by the greater static stability locally relative
to the nearshore region. The close correspondence be-
tween the results for the two nearshore legs indicates
that at least the mean statistics for these legs are reliable.

Table 1 also shows systematic differences between
the momentum fluxes in the three regions. In particular,
the ratio of the along-wind to cross-wind momentum
fluxes was small (K1) in the warm sector, intermediate
(;1) in the frontal zone, and large (k1) in the nearshore
region. The dissimilarities in these ratios are largely due
to differences in the correlation coefficients between the
along-wind (u9) and cross-wind (y9) fluctuations with
w9, rather than the magnitudes of the variance in u and
y . The mean wind profiles presented in the previous
section indicate that the component with the greater mo-
mentum flux is associated with the component that had
the greatest mean vertical shear, as previously observed
(e.g., Brost et al. 1982).

Further insight on the character of the turbulence in
this situation can be gained from consideration of its
spectral properties. Here we focus on the differences
between the frontal zone and nearshore regions in the
cospectra and quadrature in the fluctuations between the
y and w. The cospectra for the frontal zone (Fig. 16a)
indicate that the main contribution to the net momentum
flux was occurring at frequencies corresponding to
wavelengths between roughly 150 and 600 m. Mostly
longer wavelengths were involved in the bulk of the
quadrature between y9 and w9 in the frontal zone (Fig.
16b). The systematic sense to the quadrature at wave-
lengths greater than roughly 300 m suggests the pres-
ence of gravity waves. As shown in the previous section,
the frontal zone included significant vertical wind shear,
which for this leg was largely in the cross-wind com-
ponent at flight level. This shear is likely to have been
a source of energy for these waves. Following Metcalf
(1975), the ratios of the quadrature and cospectra be-
tween the u9 and w9, to their counterparts with y9, in-
dicate that the gravity waves and momentum fluxes were
oriented at angles of 588 and 538, respectively, with
respect to the mean wind. The breaking of the gravity
waves may account for the shorter spatial scales found
in the momentum fluxes, that is, the cospectra (Fig. 16a).
As indicated by Table 1, the mean cross-wind momen-
tum flux was near zero in the nearshore region, and Fig.
17a shows this was because of compensation between
negative y9w9 at scales greater than ;1 km and mostly
positive y9w9 at shorter scales. Considerable cancella-
tion was also occurring in the quadrature between y9

and w9 in the nearshore region (Fig. 17b), and for that
matter between u9 and w9 (not shown), suggesting rel-
atively incoherent wave activity. These results for the
nearshore region are grossly consistent with the mean
wind field presented earlier, which indicate little vertical
shear at low levels.

5. Numerical model results

a. Control simulation

A 30-h simulation of the landfalling warm front using
COAMPS was initialized based on the 0000 UTC 9
December 1995 data. The 700-hPa geopotential heights
and winds valid at 0000 UTC 10 December (24-h sim-
ulation time) for the third grid mesh (Dx 5 5 km) are
shown in Fig. 18. Strong southwesterly flow and warm-
air advection prevailed during this time period over the
Pacific Northwest ahead of a large-amplitude trough and
developing baroclinic wave. The model-simulated geo-
potential height, temperature, and wind fields are in rea-
sonable agreement with the radiosonde observations.
For example, the model simulation accurately distin-
guishes between the strong ;20 m s21 southwesterly
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FIG. 17. As in Fig. 1b, except for the trapped flow (EE9 in Fig. 1).

FIG. 18. Simulated 700-hPa geopotential height (solid), temperature
(dashed), and wind vector fields valid at 0000 UTC 10 Dec 1995 (24
h). The contour intervals are 30 m and 2.58C. Wind, temperature,
dewpoint, and geopotential height radiosonde observations are plotted
using the conventional notation with a full barb representing 5 m s21.

flow at Quillayute, Washington, and the weaker ;8 m
s21 westerlies at 700 hPa in southern British Columbia.

The model simulated 10-m wind and 500-m potential
temperature fields for 2100 UTC 9 December (21 h)
and 0300 UTC 10 December (27 h) are displayed in
Fig. 19. At 2100 UTC 9 December (21 h), the near-
surface southeasterly flow (Fig. 19a) is positioned to the
north of the surface warm front (Fig. 19a), which is
associated with a frontal baroclinic zone of ;6 K at
500 m (Fig. 19b). Shallow cold easterly flow is present
within the Strait of Juan de Fuca and extends westward
along the southern edge of Vancouver Island, resulting
in a secondary baroclinic zone at the western edge of
the strait (Fig. 19b). The northward movement of the
simulated near-surface warm front is slowed consider-
ably such that by 0300 UTC 10 December (27 h) the
surface front location ranges from ;25 km offshore of
Vancouver Island, near the exit of the Strait of Juan de
Fuca, to ;500 km offshore, farther westward (Figs.
19c,d). The blocking of the warm front as it approaches
Vancouver Island is highlighted by the isochrones of
the surface front (Fig. 6a), based on the 10-m thermal
and vorticity fields. In this case, research aircraft data
cannot provide general validation for the near-surface
wind field. However, the surface wind reports from
available ships of opportunity and buoys provide limited
validation for the model-simulated low-level wind field

characterized by (i) the horizontal wind shear associated
with surface warm front, (ii) the relatively strong (;15
m s21) east-southeasterly flow north of the surface warm
front that is trapped between the front and the steep
topography of Vancouver Island, and (iii) the weaker
southerly flow in the warm sector.

The evolution of the maximum of the magnitude of
the potential temperature gradient at 100 m along the
front and the near-surface warm front propagation speed
are summarized in Table 2 for the 1800 UTC 9 Decem-
ber–0400 UTC 10 December time period. The low-level
(;100 m) potential temperature gradient associated with
the warm frontal zone increased in time as the warm
front approached Vancouver Island to a maximum of
;14.2 K 100 km21 at 0200 UTC 10 December 1995.
A localized secondary maximum in the frontal gradient
occurs when the warm front is located along the south-
ern edge of the gap exit of the Strait of Juan de Fuca,
which results in a superposition of the frontal and cold
gap flow thermal gradients (Fig. 19b). After 0200 UTC,
portions of the low-level thermal gradient associated
with the front weaken slowly as the gap flow becomes
shallow and the warm front advances to the north (Fig.
19d). The central and western segment of the front
strengthens prior to landfall as apparent in the 0300 UTC
10 December 1995 thermal field. In general, the prop-
agation speed of the front progressively slows after 2100
UTC 9 December as the warm front approaches the
topography of Vancouver Island. The propagation speed
just prior to landfall at 0400 UTC is reduced to ap-
proximately one-third of the speed well upstream of the
topography (2100 UTC).

The vertical structure of the warm front, which in-
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FIG. 19. The model-simulated (a) 10-m winds and (b) 500-m potential temperature fields for 2100 UTC 9 Dec (21 h) and (c) 10-m
winds and (d) 500-m potential temperature fields for 0300 UTC 10 Dec 1995 (27 h). The isotach interval in (a) and (c) is 2.5 m s21.
The isotherm interval in (b) and (d) is 1 K. Selected surface wind observations are displayed in (a) and (c) with one full barb
representing 5 m s21.

cludes the easterly flow that comprises the trapped flow
region, is illustrated in Fig. 20 by the vertical cross
sections for 2100 UTC 9 December (21 h) constructed
along line GG9 (cross section location shown in Fig.
19a). The warm front location, as determined by the
vertical shear of the alongfrontal wind component, is
shown in Fig. 20b. The vertical section of potential tem-
perature (Fig. 20a) indicates that the depth of the trapped
flow north of the warm front is ;500 m, which is ;200
m lower than indicated by research aircraft observations
at this time, but of a similar character (see Figs. 7 and
10). An isentropic cross section along line CC9 (cross
section location shown in Fig. 1) for 2200 UTC 9 De-

cember (22 h), shown in Fig. 21, reveals many simi-
larities with the analysis based on the in situ aircraft
observations (Fig. 10). In particular, both the aircraft
observations and the simulation show that the transition
zone between the trapped and overlying flow is rela-
tively thin and flat. However, the model-simulated bar-
rier jet (Fig. 20b) is ;5–7 m s21 weaker than measured
by the research aircraft, in spite of a reasonably accurate
simulated synoptic-scale evolution. The simulation de-
picts a sloped baroclinic zone and enhanced low-level
static stability associated with the warm front. The
sloped cyclonic shear zone associated with the warm
front is apparent in the section displaying the wind com-
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TABLE 2. Hourly simulated maximum of the magnitude of potential
temperature gradient and warm frontal propagation speed at 100 m.

Time
|=u|max

(K (100 km)21)
Propagation

speed (m s21)

1800 UTC 9 Dec
1900 UTC
2000 UTC
2100 UTC
2200 UTC
2300 UTC
0000 UTC 10 Dec
0100 UTC
0200 UTC
0300 UTC
0400 UTC

9.2
11.4
11.3
10.2
10.8
10.3
11.8
12.3
14.2
12.5

8.6

9.7
8.3
9.2

10.3
9.2
8.3
7.5
6.9
5.5
4.5
3.2

→

FIG. 20. Vertical cross section of (a) potential temperature, (b)
coast-parallel (section normal) wind component, and (c) coast-normal
(section parallel) wind component along line GG9 (Fig. 19a) valid at
2100 UTC 9 Dec 1995 (21 h). The isotherm interval is 1 K in (a)
and the isotach interval is 2 m s21 in (b) and (c). Wind maxima are
denoted by the maximum speed labels in (b) and (c).

ponent parallel to Vancouver Island and normal to the
cross section plane (Fig. 20b).

The trapped flow is characterized by the ;14 m s21

low-level jet that extends from the surface to ;500 m
and is oriented parallel to the front. The simulated
trapped flow is considerably weaker than the observed
flow of 20–25 m s21. Significant vertical shear in the
front-normal wind component (Fig. 20c) extends
through the sloping warm front inversion. It is note-
worthy that the flow immediately upstream of the Van-
couver Island topography is weak or even offshore in
contrast to cold-air damming situations, which frequent-
ly are characterized by an appreciable mountain-normal
component that enhances low-level cooling and dam-
ming (e.g., Bell and Bosart 1988; Doyle and Warner
1990). The far-field upstream flow is characterized by
N ; 0.017 s21 and U ; 14 m s21, which for an 800-m-
high barrier yields Fr ; 1.0. An Fr of approximately
unity was computed from the research aircraft data for
this case. Overland and Bond (1995) hypothesize that
when R0/Fr . 1, where R0 5 U/ fL and L is the mountain
half width, the largest blocking response with maximum
enhancement of the along-barrier flow may occur when
Fr ; 1, similar to the conditions for the present case.

The model-simulated TKE field constructed along
line GG9 (Fig. 19a), shown in Fig. 22, indicates low-
level maxima in the nearshore trapped flow and frontal
zones. Budget analysis (not shown) suggests that the
primary TKE maximum, located near the shore of Van-
couver Island, is predominantly driven by shear in the
mountain parallel wind component (e.g., see Fig. 20b).
Additionally, buoyancy effects contribute to TKE gen-
eration in this region because of the upward surface heat



MAY 2001 991D O Y L E A N D B O N D

FIG. 21. Vertical cross section of potential temperature along line
CC9 (Fig. 1) valid at 2200 UTC 9 Dec 1995 (22 h). The isotherm
interval is 2 K.

FIG. 22. Vertical cross section of TKE along line GG9 (Fig. 19a)
valid at 2100 UTC 9 Dec 1995 (21 h) for the third grid mesh (Dx
5 5 km). The contour interval is 0.25 m2 s22.

fluxes associated with the cold boundary layer (;68–
78C) (Fig. 20b), which originates in the Strait of Juan
de Fuca gap flow, that lies above the warmer sea surface
(;88–98C). The secondary TKE maximum, which is
positioned within the sloping warm frontal zone, is due
mainly to the large shear in the low-level winds (Figs.
20b,c). The buoyancy term acts as a sink of TKE in the
frontal zone due to the stable conditions. The maximum
of ;1.4 m2 s22 at 200 m above ground level (AGL)
along the coast of Vancouver Island is comparable to
the 2.2 m2 s22 derived from the research aircraft data
(e.g., see Table 1). The secondary maximum of 0.8 m2

s22 in the simulated frontal zone is once again in relative
agreement with the secondary maximum computed from
the flight-level data of 1.7 m2 s22. However, the sim-
ulated TKE in the warm sector at 300 m AGL is ;0.2
m2 s22, which notably is less than the 1.0 m2 s22 cal-
culated for the ambient warm sector conditions based
on the research aircraft data. There is a considerable
scale discrepancy between the model simulation, which
made use of a 5-km grid increment on the third mesh,
and the research aircraft TKE observations, which used
50–100-km legs for the computation of the fluxes. Ad-
ditionally, the simulated barrier jet is slightly weaker
than observed, which likely results in an underestimate
of the shear and buoyancy production in the trapped
flow. However, the model captures the overall correct
turbulent character of the flow that includes the largest
TKE values in the nearshore region and the least in the
warm sector.

The model-simulated instantaneous precipitation and
wind fields for 500 m above mean sea level (MSL) valid
at 0000–0200 UTC 10 December (24 h) are shown in
Fig. 23. The model-simulated radar reflectivity, which

is computed based on the explicitly predicted bulk mi-
crophysical parameters, cloud water, rainwater, ice crys-
tals, and snowflakes, indicates a band of precipitation
associated with the warm front embedded in the hori-
zontal deformation zone at 0000 UTC (Fig. 23a). Two
enhanced regions of precipitation rate are apparent off-
shore of Vancouver Island and are in good agreement
with the research aircraft reflectivity derived from the
Doppler radar for 2230 UTC (e.g., see Fig. 11a). The
model simulated reflectivity maxima are ;30 dBZ, and
also in reasonable agreement with the observations.
However, the position of the simulated warm frontal
precipitation band is ;20–30 km farther offshore than
indicated by the research aircraft observations. Addi-
tionally, the simulated precipitation band is located on
the warm side of the cyclonic vorticity maximum, in
contrast to the observed precipitation, which tended to
be greater on the cool side of the front. As the front
moves toward Vancouver Island, the .30-dBZ region
becomes more continuous, indicative of a slight inten-
sification of the precipitation band (Figs. 23b,c).

The Strait of Juan de Fuca flow dynamics is inves-
tigated using the simulation results from grid mesh 4
(Dx 5 1.67 km) valid at 1700 UTC 9 December (17
h), shown in Fig. 24. The characteristics and structure
of the gap flow have been previously investigated by
Colle and Mass (2000) using research aircraft data and
Mesoscale Model 5 (MM5) numerical model simula-
tions. They found significant three-dimensional effects
including cross-gap flow and abrupt acceleration of the
easterly flow near the exit of the strait. In this situation,
the gap outflow bears some resemblance to shallow fluid
expansion fan dynamics, as evinced by the numerical
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FIG. 23. Model-simulated radar reflectivity and winds at 500 m
based on the explicitly predicted microphysical variables valid at
0000 UTC 10 Dec 1995 (24 h). The contour interval is 5 dBZ. Wind
vectors are plotted every five model grid points.

simulations. However, Colle and Mass note that the ac-
celeration near the gap exit is apparently linked with
mountain wave dynamics associated with downslope
flow in the lee of the surrounding terrain. Further ex-
amination of the gap outflow in this case enables a com-
parison between the observations, and the two model
simulations using COAMPS and MM5. The COAMPS
simulated winds at 100 m MSL valid at 1700 UTC 9
December (17 h), shown in Fig. 24a, indicate acceler-
ation at the strait exit leading to a wind speed maximum
of ;16 m s21 located ;75 km downstream of the gap
exit region. The position of the wind speed maximum is
in good agreement with the research flight level data
shown in Fig. 25. The depth of the simulated cold east-
erlies is ;200 m shallower than observed and consid-
erably different from the Colle and Mass simulation,
which was deeper than observed. The location of the
wind speed maximum near the middle of the strait exit,
well away from upstream topography, and cross section
analysis of the flow indicate that the acceleration is not
likely linked to descent in the lee of the local topography.

The vertical cross sections of potential temperature
and along–cross section wind speed, shown in Figs.
24b,c (constructed along line HH9 shown in Fig. 24a),
suggest the acceleration and wind speed maximum near
the strait exit are consistent with expansion fan dynam-
ics. Vertical descent of the isentropes over a depth of
300 m is apparent to the west of the strait exit (Fig.
24b) in a region where the flow, initially constrained in
the strait, diverges horizontally. Calculations of a single-
layer Fr, defined as

U
F 5 , (5)r 0.5(g9h)

where U is the velocity, g9 is reduced gravity, and h is
the layer depth, supports the expansion fan and trans-
critical behavior of the flow. For example, upstream of
the strait exit, the along-gap velocity is ;8 m s21, h ;
400 m, and g9 ; 0.3, which results in a Fr ; 0.7. Farther
downstream of the exit, U ; 15 m s21, h ; 200 m, and
g9 ; 0.1, indicating a flow transition to supercritical
with a Fr ; 3.4. Despite the time-variant forcing and
three-dimensional effects associated with this complex
flow, the transcritical expansion fan dynamics is con-
sistent with the formation of the wind maxima near the
strait exit.

b. Sensitivity experiments

The numerical simulation discussed above suggests
that the low-level portion of the warm front slowed
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FIG. 25. Wind and potential temperature observations at 300 m
based on the NOAA WP-3D flight-level data for 1600–1800 UTC 9
Dec 1995. Isentropes (K) are dashed in data-sparse areas. The is-
entropes are plotted every 1 K.

←

FIG. 24. (a) Model-simulated 100-m (MSL) winds valid at 1700
UTC 9 Dec 1995 (17 h) for nested grid mesh 4. Vertical cross section
along line HH9 (projection plane location shown in (a)) of (b) potential
temperature and (c) along strait (section parallel) wind component.
The isotach interval in (a) and (c) is 1 m s21. The isotherm interval
is 1 K in (b). The arrow in (b) and (c) indicates the location of the
strait exit.

considerably upon approaching Vancouver Island in
agreement with the observations presented above. The
role of (i) orographic blocking by the steep Vancouver
Island topography and (ii) the cold and dense air mass
residing in the nearshore area of Vancouver Island as
mechanisms for frontal impedance were investigated us-
ing two sensitivity experiments. The first experiment
eliminates the topography of Vancouver Island, as in-
dicated by the model terrain field in Fig. 26a. The to-
pography for the second sensitivity experiment, shown
in Fig. 27a, contains an orographic barrier ;800 m high
in the western portion of the Strait of Juan de Fuca in
order to impede the low-level easterly flow. The mod-
ifications to the orography were introduced at the ini-
tialization time, 0000 UTC 9 December 1995.

The 10-m wind field for the simulation without any
Vancouver Island topography (Fig. 26b) indicates that
the position of the near-surface warm front is located
near that of the control simulation at 0300 UTC 10
December 1995 (Fig. 19c). However, the surface front
isochrones (Fig. 26a) indicate a more rapid northward
movement of the front relative to the control simulation
(Fig. 6a) after 0300 UTC. By 0600 UTC 10 December
1995, the warm front in the simulation without any Van-
couver Island topography is located ;50 km to the north
of control simulation front. The low-level easterly flow
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FIG. 26. (a) Terrain and surface warm front isochrones for the
sensitivity experiment with the Vancouver Island topography re-
moved. (b) Model simulated 10-m winds with an isotach interval of
2.5 m s21 valid at 0300 UTC 10 Dec 1995 (27 h). Selected surface
wind observations are displayed in (b) with one full barb representing
5 m s21. The times for the frontal postition on 9–10 Dec 1995 are
(UTC) is noted in (a).

FIG. 27. (a) As in Fig. 26, except for the sensitivity experiment
with a barrier near the exit of the Strait of Juan de Fuca.

is strengthened over Vancouver Island, creating a shal-
low cold air mass positioned to the north of the warm
front, in the simulation with the topography removed.
This experiment indicates the blocking of the warm
front by the orography of Vancouver Island is greater
than the blocking associated with the additional low-
level cold air in the absence of the orography. Given
the mean state conditions that were present upstream of
the orography, strong blocking would not be anticipated.

For example, the upstream flow in the warm sector was
characterized by Fr ; 1.0 (as discussed in reference to
Fig. 20), which is near the critical value for the onset
of flow splitting and topographic blocking, as noted by
Smolarkiewicz and Rotunno (1989). It is unclear, how-
ever, whether a Froude number, characteristic of the
incident flow in the warm sector, solely can be used to
diagnose the flow response for the present case. The
existence of the cool air trapped along Vancouver Island,
with a source from the Strait of Juan de Fuca, and with
the associated preexisting along-barrier momentum cer-
tainly complicates and perhaps invalidates any simple
scale analysis.
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FIG. 28. Vertical profiles of potential temperature valid at 0000
UTC 10 Dec 1995 (24 h) for the control model simulation (dashed
line) and simulation with the barrier in the Strait of Juan de Fuca
(solid line). The profile location is represented by the diamond in
Figs. 6a and 27a.

The effect of low-level easterly flow, which origi-
nated from the Strait of Juan de Fuca gap, on the warm
frontal movement is illustrated by the 10-m wind field
for the simulation with the artificial barrier in the west-
ern strait for 0300 UTC 10 December 1995 (Fig. 27b).
The results indicate that the low-level warm front is
located farther north than either the control (Fig. 19c)
or the no–Vancouver Island topography (Fig. 26b) sim-
ulations. The surface front isochrones, shown in Fig.
27a, indicate steady northward movement of the warm
front when the cold strait outflow is blocked. It can thus
be inferred for the control case that the frontal blocking
is enhanced due to the increased static stability locally
introduced by cold strait outflow. This situation with
continental outflow increasing the low-level static sta-
bility has been recently shown to enhance frontal block-
ing in other geographic areas, such as during the Cal-
ifornia Land-falling Jets Experiment (M. Ralph 2000,
personal communication).

Vertical profiles of simulated potential temperature
valid at 0000 UTC 10 December 1995 (24 h) for a point
upstream of Vancouver Island for the control and bar-
rier-in-strait simulations (location denoted by diamond
in Figs. 6a and 27a) are displayed in Fig. 28. The cold
air mass trapped upstream of the topography is evident
in the control simulation (dashed line) and is absent in
the sensitivity experiment with the barrier in the Strait
of Juan de Fuca (solid line). The disruption of the low-
level easterly flow from the strait, apparent in the sen-
sitivity experiment (Fig. 27), acts to deplete the cold air
mass upstream of the Vancouver Island topography, re-
sulting in reduced static stability relative to the control.

Clearly, for a given incident flow, the impact of the
greater low-level stability in the control is to decrease
Fr, which is consistent with the deceleration of the warm
front as it approached the topography relative to the
barrier-in-strait sensitivity experiment. Thus, in this case
the nearshore easterly flow originating from over the
Strait of Juan de Fuca appears to be important for frontal
impedance and acts in concert with blocking effects due
to the coastal orography.

6. Summary and conclusions

This case represents, to our knowledge, the first de-
tailed depiction of a warm front approaching a coast
with prominent terrain. The goal of our analysis has
been to document the interactions between this front
and a cool, low-level air mass that was situated along
the southwest portion of Vancouver Island. Using ob-
servations from a P-3 aircraft and high-resolution nu-
merical simulations, we have described mesoscale cir-
culations and precipitation distributions during this
event, and characterized the boundary layer turbulence.

The warm front had a classic structure while offshore,
including a noticeable but gradual wind shift and tem-
perature change over 20–30 km, a pronounced transition
in static stability, and a relatively shallow slope. A band
of enhanced precipitation (5–10 dBZ above background)
was located in the vicinity of the low-level frontal zone.
Some significant changes occurred as the front encoun-
tered the cool, trapped flow extending about 100 km
offshore of Vancouver Island. Its progress slowed mark-
edly, from about 10 to 3 m s21. The precipitation band
associated with the front while it was offshore appeared
to detach from the surface front and advance toward
and over Vancouver Island as the front slowed. This
aspect is uncertain, however, because of our difficulty
both during the flight and in subsequent analysis of the
radar data, in distinguishing between propagation and
downstream development of the precipitation in the im-
mediate vicinity of Vancouver Island.

The cool air mass trapped along Vancouver Island
had a number of important characteristics. It featured
strong (;25 m s21) low-level winds oriented parallel to
the shore and terrain. This flow was about 700 m deep,
with a flat upper boundary, at least within about 70 km
of the coast. It extended roughly 100 km offshore be-
cause that is approximately the point where the progress
of the surface warm front slowed. The transition be-
tween the trapped flow from the southeast and the over-
lying flow from the southwest was concentrated into a
thin (;100 m) layer with large vertical wind shear and
static stability. The lack of a tilt to this trapped flow is
a departure from classic barrier jet situation, which gen-
erally includes an upslope component (Parish 1982; Bell
and Bosart 1988). The surface winds at the coast before
frontal landfall (Figs. 4a,b) included a downslope com-
ponent and little pressure ridging appeared to be oc-
curring along the coast of Vancouver Island. Hence the
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geostrophic adjustment in the nearshore, trapped flow
was probably minimal [unlike the cold-air damming
case studied by Bell and Bosart (1988) and the gap wind
case of Lackmann and Overland (1989)]. It is possible
that a secondary circulation associated with the front at
2200–2300 UTC (Figs. 10–12) also acted to help level
the trapped flow. The trapped flow may be best attri-
buted to the flow of cool, continental air out of the Strait
of Juan de Fuca. The characteristics of this trapped flow
may therefore be more controlled by boundary layer
turbulent and radiative processes in its source region,
that is, over the interior Pacific Northwest, than by local
orographic effects. It is unclear, however, to what degree
the character (e.g., momentum, depth, stability) of the
trapped flow impacts the front as it approaches the coast-
al terrain.

Multiscale numerical simulations of the warm front
approaching Vancouver Island using a nonhydrostatic
model, COAMPS, illustrate the complex nature of the
forcing in the coastal zone. The simulated vertical struc-
ture of the warm front was in reasonable agreement with
the aircraft observations; however, the trapped flow
depth was ;200 m too shallow. The most notable model
error was that the low-level jet was 5–10 m s21 too
weak, which is consistent with the shallower cold air
mass. Frontogenesis was enhanced due to the super-
position of the warm frontal baroclinic zone and the
cold-air outflow from the Strait of Juan de Fuca.

As the warm front approached the coast, the model-
simulated movement slowed significantly from an av-
erage speed of 8 m s21 between 1800 UTC 9 December
and 0000 UTC 10 December to less than 3 m s21 be-
tween 0300 and 0600 UTC 10 December. The upstream
Fr was approximately unity, which is near the threshold
for three-dimensional blocking. Sensitivity experiments
suggested that the frontal blocking occurred primarily
as a result of the shallow cold easterly flow that exited
the Strait of Juan de Fuca and was further enhanced by
the steep orography of Vancouver Island. The simulation
results underscore the difficulty of applying conven-
tional scaling parameters, established in previous the-
oretical studies, to a complex three-dimensional flow
situation that contains a cold-air source along the up-
stream portion of the coastal topography. Low-level ac-
celerations in the easterly flow located just downstream
of the Strait of Juan de Fuca exit were apparent in both
the research aircraft observations and highest-resolution
(Dx 5 1.67 km) nested grid results. The model simu-
lation exhibited transcritical expansion fan character-
istics due to the lateral flow divergence consistent with
the wind speed maximum.

Some details about the character of the boundary lay-
er turbulence during this case were examined using
mean and fast-response flight-level measurements. Our
emphasis during this flight was the collection of Doppler
radar measurements and so we were unable to map tur-
bulent structures with the kind of detail that has been
done before, notably by Berger and Friehe (1995) for

the warm sector of an Experiment on Rapidly Intensi-
fying Cyclones over the Atlantic storm. Nevertheless,
we did find some substantial differences in the mag-
nitude and nature of the turbulence between the warm
sector, frontal zone, and trapped flow regions. The most
interesting of these differences is between the turbulence
in the frontal zone and that in the trapped flow regions,
even though the mean winds were similar. The frontal
zone had much greater quadrature between the cross-
wind component and the vertical velocity, and much
greater momentum fluxes in the cross-wind component
than was found in the nearshore region of trapped flow.
The momentum fluxes were likely due to the breakdown
of the gravity waves that were responsible for the quad-
rature involving the cross-wind component. The near-
shore region featured the highest values found for the
along-wind momentum fluxes and TKE; here the tur-
bulence maybe associated predominantly with buoyancy
and shear production in the surface layer. The turbulent
characteristics of the warm front and trapped flow were
simulated realistically. For example, the primary TKE
maximum occurred in the trapped flow near the shore
of Vancouver Island and was predominantly forced by
shear production of the coast parallel wind component
with secondary buoyancy generation due to the cold
easterly flow overlying the warmer sea surface. A sec-
ondary TKE maximum, positioned along sloping warm
frontal zone, was forced by shear production, which
dominated the damping effects of buoyancy associated
with the frontal inversion. The simulated TKE in the
warm sector was significantly weaker than the research
aircraft observations indicated.

We conclude by noting that while this case bears some
resemblance to that of Overland and Bond (1995), for
example, both are characterized by incident flow from
the southwest and an internal Fr of approximately unity,
the present case also features significant time-dependent
and diabatic effects. The simple scaling used by Over-
land and Bond (1995) is therefore not expected to be
as meaningful. Instead, the evolution and progress of
the surface front in the immediate vicinity of Vancouver
Island was controlled by a more complex interplay be-
tween the cool air flowing out of the strait, the mixing
between this air mass and the overlying warm sector
flow, and low-level pressure changes imposed from
aloft, as well as the direct effects of the orography.
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